Anomalous metallic state above the upper critical field of the conventional 
three-dimensional superconductor AgSnSe 2 with strong intrinsic disorder 
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We report superconducting properties of AgSnSe2 which is a conventional type-II superconductor 
in the very dirty limit due to intrinsically strong electron scatterings. While this material is an 
isotropic three-dimensional (3D) superconductor with a not-so-short coherence length where strong 
vortex fluctuations are not expected, we found that the magnetic-field-induced resistive transition 
at fixed temperatures becomes increasingly broader toward zero temperature and, surprisingly, that 
this broadened transition is taking place largely above the upper critical field determined thermody- 
namically from the specific heat. This result points to the existence of an anomalous metallic state 
possibly caused by quantum phase fluctuations in a strongly-disordered 3D superconductor. 

PACS numbers: 74.62.En, 74.40.-n, 74.25.Dw, 74.70.Dd 



I. INTRODUCTION 

The interplay between disorder and superconductiv- 
ity has attracted sustained interest over the past few 
decades. In BCS superconductors, according to Ander- 
son's theorem^ the superconducting critical temperature 
T c and the energy gap A remain unaffected by the pres- 
ence of weak disorder, although in unconventional su- 
perconductors both T c and A are strongly suppressed 
with weak disorder^ In the strongly disordered regime, 
things become interesting even in BCS superconductors: 
In two-dimensional (2D) systems, strong disorder leads 
to a universal superconductor-to-insulator transition at 
a critical sheet resistance of ~ h/4e 2 ir~— furthermore, it 
has been found that, as T tends to zero, there emerges 
a broad range of magnetic field where the resistivity re- 
mains finite but is much smaller than the normal-state 
value, which arguably signifies the importance of quan- 
tum phase fluctuations In three-dimensional (3D) 
systems, strong disorder leads to a disruption of the 
global superconducting coherence through reductions in 
both the superfluid density n s and pairing interactions, 
which results in the superconducting order parameter to 
spatially fluctuate and gives rise to anomalous electronic 
states near the superconductor-to-metal transition! 13 i 14 
Experimentally, while the 2D systems have been actively 
studied in the past ^ 12 ' 15 " — the role of strong disorder 
in 3D superconductors is just beginning to be addressed 
with a modern viewpoint ^fii2a which naturally calls for 
explorations of suitable materials for such a study. 

In this paper, we report that AgSnSe2, which is a 
low-T c conventional superconductor having a cubic struc- 
ture, offers an ideal playground for studying the effects of 
strong disorder in 3D superconductors. We show that one 
can synthesize high-quality samples of AgSnSe2 present- 
ing a very sharp superconducting transition, which indi- 
cates that morphologically the system is homogeneous; 
nonetheless, strong electron scatterings that are intrinsic 
to this system lead to an extremely type-II superconduc- 
tivity with the Ginzburg-Landau parameter kql of as 
large as 55. This causes the emergence of a broad range 



of magnetic fields where the resistivity remains finite but 
is much smaller than the normal-state value as T — s- 0, 
which is very much reminiscent of the behavior observed 
in disordered 2D superconductor a 11 ' 12 or in quasi-2D sys- 
tems like high-T c cupratesi 24 ' 25 Furthermore, such an 
anomalous metallic state is found in the magnetic field 
range above the upper critical field determined thermo- 
dynamically from the specific heat. Since this anomalous 
state can be easily reached with the magnetic field of 3 
T and the microscopic mechanism of superconductivity 
is well understood in conventional superconductors, fu- 
ture studies of AgSnSe2 would help elucidate the roles of 
quantum phase fluctuations which remain controversial 
to dateii^ 



II. AgSnSe 2 SUPERCONDUCTOR 

The superconductivity in AgSnSe2 was discovered by 
Johnston and Adrian 26 in 1977 as a possible valence- 
skipping superconductor. In valence-skipping com- 
pounds, the nominal valence state of a constituent ele- 
ment happens to be the skipped valence for that element. 
This characteristic has been of particular interest for su- 
perconductivity, since it may provide a means to realize 
the so-called negative- U mechanism to enhance the su- 
perconducting transition temperature T c >21 Well-known 
examples of such valence-skipping superconductors are 
BaBi^Pb.Oaf 28 Ba^K.BiOa, 29 - and Pbi_ x Tl x Te3 
In all these compounds, T c is relatively high for their low 
carrier density. At the same time, valence fluctuations 
lead to significant electron scattering, making those su- 
perconductors highly disordered even though the matrix 
is homogeneous. 

AgSnSe2 adopts the face-centered cubic structure, in 
which the cation sites are randomly occupied by equal 
amount of Ag and Sn atoms. Since the nominal va- 
lence of Sn is 3+ which coincides with its skipped va- 
lence state, the Sn ions should be separated into 1:1 
mixture of Sn 2+ and Sn 4+ and the chemical formula 
of this material can be more appropriately expressed 
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FIG. 1: (Color online) (a) Face-centered cubic structure of 
AgSnSe2. Note that Ag and Sn atoms are randomly dis- 
tributed in the cation sites, (b) XRD pattern of the AgSnSc2 
sample. All the diffraction peaks can be well indexed using 
a cubic cell with the Fm3m space group, (c) Temperature 
dependence of p xx of the AgSnSe2 sample. Lower inset shows 
an enlarged view of the data near the superconducting transi- 
tion for p xx (right axis) and for the dc magnetic susceptibility 
measured upon zero-field-cooling (left axis, shown in terms of 
the shielding fraction). Upper inset shows the magnetic- field 
dependence of p yx at 5 K; its slope gives n e = 2.0 x 10 22 
cm -3 . 



as (Ag 1 +)(Sn 2 +)o.5(Sn 4 +) . 5 (Se 2 -) 2 , as evidenced by the 
measurements of the magnetic susceptibility 26 and the 
119 Sn Mossbauer spectra.— Despite the valence skipping 
nature and the carrier density of the order of 10 22 cm~ 3 , 
its T c of 4.7 K is not particularly high, which suggests 
that the negative-?/ mechanism is not at work here. 
Therefore, in this compound one can explore manifes- 
tations of strong disorder associated with valence fluctu- 
ations in the context of conventional superconductivity 
without being bothered by strong electron interactions. 



The ingot was cut into bar-shaped samples, and the 
temperature-dependent magnetization M under various 
magnetic helds was measured with a vibrating sample 
magnetometer (VSM), while the magnetization curves 
at fixed temperatures were measured with a commer- 
cial SQUID magnetometer (Quantum Design MPMS- 1). 
The demagnetization effect was corrected for by consid- 
ering the slab geometry^ 2 - The resistivity p xx and the 
Hall resistivity p yx were measured by using a standard 
six-probe method where the contacts were made by spot- 
welding gold wires. The specific heat c p was measured 
with a relaxation-time method using Quantum Design 
PPMS-9. For consistency reasons, all the data presented 
here were measured on exactly the same sample. 



IV. BASIC CHARACTERIZATIONS 

A. Transport properties and superconducting 
transition 

Figure 1(c) shows the temperature dependence of p xx , 
which exhibits only a weak metallic temperature depen- 
dence. This is qualitatively similar to that reported 26 
for Ago.76Sni.24Se2 and signifies the presence of intrinsi- 
cally strong disorder that does not change much with the 
Ag/Sn ratio. As shown in the upper inset of Fig. 1(c), 
p yx is linear in B and its slope at 5 K corresponds to an 
electron density n c of 2.0 x 10 22 cm~ 3 . The supercon- 
ducting transition in p xx occurs sharply between 4.5 and 
4.6 K, and the magnetic susceptibility shows the onset T c 
of 4.55 K, which corresponds to the midpoint of the re- 
sistive transition. The superconducting shielding faction 
achieves nearly 100% after the demagnetization correc- 
tion. There is no resistivity upturn at low temperatures, 
giving no clear sign of Anderson localization. 



B. Specific heat 



III. EXPERIMENTAL 

We synthesized high-quality ingots of polycrystalline 
AgSnSe 2 by using a two-step method as described in 
Ref. HI First, high-purity shots of Ag (99.999%), Sn 
(99.99%), and Se (99.999%) with the stoichiometric ra- 
tio of 1:1:2 were melted in sealed evacuated quartz tube 
at 800 °C for 48 h with intermittent shaking to ensure ho- 
mogeneity, followed by quenching to room temperature. 
The quartz tube containing the melt-quenched ingot was 
subsequently annealed at 450 °C for two weeks, and then 
quenched into cold water. The structure of the result- 
ing sample was characterized by powder X-ray diffraction 
(XRD). As can be seen in Fig. 1(b), the XRD pattern 
shows sharp diffraction peaks consistent with the face- 
centered cubic structure, giving the lattice parameter a 
of 5.675(1) A which agrees with the literature^ 



Figure 2(a) shows the temperature dependences of 
Cp/T measured under and 9 T. Application of a 9 
T field completely suppresses the superconductivity, en- 
abling us to determine the phononic contribution and the 
normal-state parameters such as the electronic specific- 
heat coefficient 7„ and the effective mass m* Figure 
2(b) shows the temperature dependence of the electronic 
specific heat c c \/T in T obtained by subtracting the 
phononic contribution determined from the 9-T data. 
One can see that c c \/T quickly approaches zero at low T, 
indicating a fully-gapped nature. As for the precise tem- 
perature dependence, although the simple weak-coupling 
BCS model (dash-dotted line) fails to describe the c c \/T 
data, a modified BCS model^i that allows the coupling 
constant a = A(0)/fceT c to vary [A(0) is the gap at K] 
can fit our data well with a = 1.925 (solid line), which 
is only slightly larger than the weak-coupling BCS value 
of 1.764. 
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FIG. 2: (Color online) (a) Temperature dependences of c p /T 
measured in and 9 T. Inset shows c p /T plotted as a function 
of T 2 for the 9-T data, where the superconductivity is com- 
pletely suppressed; the solid line presents the best fit to the 
data using the Debye model (see Ref. [33]). (b) Temperature 
dependence of c c i/T in T. The dash-dotted line is the cal- 
culated c i/T curve given by the weak-coupling BCS theory; 
the solid line is the best fit using a modified BCS theory with 
a = 1.925. The horizontal solid line denotes j n . 



Using m* and a obtained from c p (T)^ the Pip- 
pard coherence length £ can be estimated as £o = 
n 2 (37r 2 n e ) 1 / 3 /(7rafc B 7 1 c m*) = 181 nm. This is to be con- 
trasted with the mean free path t = hftir 2 ) 1 / 3 / (porie^e 2 ) 
= 0.9 nm, where po is the residual resistivity. This £ is 
less than 2a and is very short, pointing to the existence 
of strong scattering which is consistent with the valence 
fluctuations of Sn. The ratio 1/^q — 0.005 means that 
AgSnSe2 is in the very dirty limit. Yet, k-pi is estimated 
to be ~8 and hence the system is still a good metal. Note 
that the estimations of m* , k-p, £,o, and £ in this paper are 
based on the free electron theory; once the band struc- 
ture of AgSnSe2 is known, those estimations can be made 
more accurate. 



C. Critical fields 

Figure 3 summarizes the results of the magnetization 
measurements to extract the values of the upper and 
lower critical fields. Figure 3(a) shows M(B) curves 
measured after zero-field cooling to various temperatures. 
We define B\ at each temperature as the value at which 
the M(B) data deviates from its initial linear behavior, 
as can be more clearly seen in the inset of Fig. 3(b). 
Extrapolation^ of the resulting B\ (T) data to T = K 
yields -Bi(O) = 1.18 mT which, after correcting for the 
demagnetization effect^ gives the lower critical field at 
T = K, B c i(0), of 1.58 mT. 

Figure 3(c) shows the temperature dependences of the 
magnetization near the superconducting transition un- 
der various magnetic fields. A paramagnetic background 
with a temperature-independent susceptibility xo — 4.2 
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FIG. 3: (Color online) (a) M(B) curves measured after zero- 
field cooling to various temperatures. The dashed line marks 
the initial linear behavior, (b) Plot of Bi vs T; the solid line is 
a fit to the data using the local dirty limit formula. The B c i (0) 
obtained after the demagnetization correction is marked by an 
arrow. Inset shows the B dependences of AM = M — Mn n , 
where Mu n denotes the initial Meissner contribution; the data 
are shifted vertically for clarity. The determined B\ value 
for each temperature is shown by arrows, (c) Temperature 
dependences of M ac = M — XoB under various magnetic fields. 
The T c Mag (B) values are indicated by arrows, (d) B c ^ ag vs T 
phase diagram; the solid line is a WHH fit to the data. 



x 10~ 8 emu/g has been subtracted from the data^ and 
what is plotted is Af sc = M— XoB. A gradual suppression 
of superconductivity with increasing magnetic field is ev- 
ident. For each magnetic field, we determined the onset 
temperature of the transition, T c Mag (i?), from the inter- 
section of the linear extrapolation of the M SC (T) data to 
the M sc — line, as indicated by the arrows in Fig. 3(c). 
The obtained T c Ma s(B) data shown in Fig. 3(d) give the 
temperature dependence of the magnetically-determined 
upper critical field, B^ ag (T), which is extrapolated to T 
= K using the Werthamer-Helfand-Hohenberg (WHH) 
theory? 7 to yield B^ ag (0) = 2.26 T. 

To evaluate the upper critical field at low temperatures 
in a more direct way, we measured the superconducting 
transition in specific heat under various magnetic fields. 
Figure 4(a) shows representative data of c e \/T vs T mea- 
sured in 0, 0.25, 1.0, and 1.5 T, where the superconduct- 
ing transition is well resolved. In higher magnetic fields, 
the specific-heat anomaly becomes weaker, as shown in 
Fig. 4(b) for 1.75, 1.9, and 2.0 T; here, the transition can 
still be seen in 1.9 T, but no clear anomaly is discernible 
at 2.0 T. These data demonstrate that the upper crit- 
ical field is thermodynamically well-defined in AgSnSc 2 
at low temperature and that it lies around 2 T near T — 
K. 
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FIG. 4: (Color online) (a, b) Superconducting transition mea- 
sured in the temperature dependence of the specific heat un- 
der various magnetic fields, (c) vs T phase diagram; 
the solid line is a WHH fit to the data. For comparison, 
B^ ag (T) and its WHH fitting are shown with filled squares 
and a dashed line, respectively. 



To quantitatively analyze the superconducting tran- 
sition in the specific-heat data, for each magnetic field 
we determined three characteristic temperatures: onset 
of the transition (below which the specific heat grows), 
midpoint of the transition, and the peak in c p (T). It is 
useful to note that the transition width AT c Cp , which we 
define by the difference between the onset and peak tem- 
peratures, remains reasonably narrow with AT^ P < 0.3 
K at all temperatures. We choose to use the midpoint 
of the specific-heat transition for defining the transition 
temperature T^' P (B) for each magnetic field, which in 
turn gives the temperature dependence of the upper crit- 
ical field B° P (T). 

The solid line in Fig. 4(c) is the fitting of the WHH 
theory to the B° P {T) data, which gives the T = K 
value B^ p (0) of 2.11 T. For comparison, we reproduced 
in Fig. 4(c) the _B^ as (T) data obtained from the mag- 
netization measurements. The difference in the WHH 
fittings for the specific-heat and magnetization data is 
only 7%, which indicates that the two thermodynamical 
measurements are essentially consistent. In the follow- 
ing discussions, we take B^ p as the thermodynamically- 
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FIG. 5: (Color online) Magnetic-field-induced resistive transi- 
tion measured at various temperatures. The level of p xx that 
is used for determining -E>io%, B 50 %, and -Bgo% are indicated 
by dashed lines. 



determined B c 



D. Superconducting parameters 

Now we estimate various superconducting parameters 
of AgSnSe 2 by using B c p (0) as the zero-temperature 
upper critical field B c2 {0). Note that since AgSnSe 2 
has cubic symmetry, no anisotropy is expected. The 
Ginzburg-Landau (GL) coherence length £gl(0) is esti- 
mated as Cgl(0) = ^$o/27rB c2 (0) = 12.5 nm, where 
$o = 2.07 x 10~ 15 Wb is the flux quantum. Alterna- 
tively, one may also estimate £gl from £gl (0) — \/£,q( for 
dirty superconductors, which yields £ql — 12.7 nm. The 
consistency is gratifying. The equation^ j3 cl (0)/-B c2 (0) 
= (ln/tGL + 0.5)/(2kq L ) gives the GL parameter kql 
= 55, which in turn allows us to calculate the effec- 
tive penetration depth A ff = 685 nm through B c i(0) = 
(<I>o/47rAg ff )(lnKGL + 0.5). This gives the London pene- 
tration depth Al — A c ff \/^/£o = 48.3 nm. 

Since AgSnSe 2 is a very dirty superconductor, the su- 
perfiuid density n s is expected to be reduced by a factor 
of ~ ^/£o-— Indeed, the calculation of n s based on n s = 
m*/(/i e 2 Ag ff ) yields n s ps 9 x 10 19 cm~ 3 , which is close 
to the estimation of n s ps n e (^/£o) = 1 x 10 20 cm~ 3 , re- 
assuring the applicability of the BCS theory to AgSnSc 2 
and the soundness of our B c \ measurements which can 
be adversely affected by flux pinning. 



V. ANOMALOUS METALLIC STATE 

A. Resistive transition in magnetic fields 

Despite the conventional nature of the superconductiv- 
ity in AgSnSe 2 , nontrivial physics becomes evident when 
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FIG. 6: (Color online) Plots of B C 2 determined thermodynam- 
ically from specific-heat measurements (solid line) together 
with Bi rr , B 10 %, B so %, and B 90 % obtained from the resistive 
transition data. 



one looks at the magnetic-field-induced resistive transi- 
tion at fixed temperatures (Fig. 5). One can easily see 
that the resistive transition is very sharp at tempera- 
tures close to T c , but it becomes increasingly broader at 
lower temperatures. We determined the values of the 
magnetic field at which p xx recovers a certain percentage 
of the normal-state resistivity p^ for each temperature, 
and denote them B W %(T), B 50 %(T), etc. We also deter- 
mined the irreversibility field B- m (T) to mark the onset 
of a finite resistivity within our sensitivity limit, which 
corresponds to 0.15% of p^. The results are shown in 
Fig. 6, where we also plotted the thermodynamically- 
determined B C 2(T) with a solid line. 

Usually, either B 50 y (T) or B go %(T) are considered to 
give a measure of the upper critical field i 40 ' 41 In the 
present case, for temperatures down to T/T c ~ 1/2, 
B 50 % (T) agrees reasonably well with the thermodynam- 
ically determined B C 2, but at lower temperatures the re- 
sistive transition occurs largely above -B c2 . This means 
that at low temperature, there is a wide range of mag- 
netic field above B C 2 where the resistivity is finite but 
is noticeably smaller than p^. The existence of such an 
anomalous metallic state above B C 2 has never been docu- 
mented for a conventional 3D superconductor, and this is 
the main finding of the present work. Note that the Pauli 
paramagnetic limit is estimated to be 8.4 T, which is well 
above the anomalous metallic regime observed here. 

Similar broadening of the magnetic-field-induced 
resistive transition at low temperatures has been 
observed in high-temperature superconductors such 
as Bi 2 Sr 2 CuO„^ Tl 2 Ba 2 CuO y ,25 MgB 2 ^ and 
Bai-xK^BiOs. 4 - This phenomenon is generally be- 
lieved to be caused by enhanced vortex fluctuations 
and the resulting vortex liquid phase due to a short 
coherence length that is inherent to high-temperature 
superconductors. In light of this common belief, the 
present observation in AgSnSe 2 is striking. Here the 
coherence length is not so short, 12.1 nm, and the 



system is 3D, both of which work against strong vortex 
fluctuations. Therefore, our result calls for a reinter- 
pretation of the low-temperature broadening of the 
magnetic-field-induced resistive transition. 



B. Quantum phase fluctuations 

To understand the above results, an interesting pos- 
sibility is the scenario proposed by Spivak, Oreto and 
KivelsonJ^ that the strong disorder leads to formations of 
superconducting "puddles" that are Josephson-coupled 
to each other, and quantum fluctuations of the rela- 
tive phase between those puddles give rise to a broad 
range of magnetic fields where the resistivity remains 
finite and smaller than p^ as T — > 0. If this is in- 
deed the case, our data give evidence for the important 
role of quantum phase fluctuations in disordered 3D con- 
ventional superconductors. Since the superconductivity 
mechanism is well understood here (as opposed to the 
case of high-temperature superconductors) and the re- 
quired magnetic field to access the quantum fluctuation 
regime is low (only ^3 T), AgSnSe 2 provides a conve- 
nient platform for studying the role of quantum fluctu- 
ations in the magnetic-field-induced superconductor-to- 
metal transition. 

Another anomalous behavior observed here is that 
at low temperatures, not only B 90 % but also B m 
show little tendency toward saturation. A similar be- 
havior was previously observed in strongly-disordered 
amorphous superconductors 41 - and was discussed to be 
due to the weak-localization effect. 44 However, the 
discrepancy between the resistive transition and the 
thermodynamically-determined B c2 makes the conclu- 
sion of those old studie a 41 i 44 questionable. Hence, the 
physical meaning of the resistive transition in disordered 
superconductors had better be reconsidered by taking 
into account the important role of quantum phase fluc- 
tuations. 



VI. SUMMARY 

We have fully characterized the AgSnSe 2 supercon- 
ductor where its valence-skipping nature leads to in- 
trinsically strong electron scattering without any obvi- 
ous enhancement of T c . At low temperature, we ob- 
served an anomalous broadening of the magnetic-field- 
induced resistive transition which occurs largely above 
the thermodynamically-determined -B c2 . This means 
the existence of an anomalous metallic state above B C 2 
where quantum phase fluctuations associated with a 
magnetic-field-induced superconductor-to-metal transi- 
tion are likely to be playing an important role. This 
makes AgSnSe 2 a useful platform for studying the role of 
quantum fluctuations in 3D disordered superconductors. 
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